The potential energy surface for H (1 2 S) + SO 2 has been investigated computationally in order to study the catalytic removal of atomic hydrogen in flames by sulfur dioxide. HF/3-210G( *) and MP2/3-2 I G ( *) levels of theory were employed to locate stationary points, which were then characterized by calculation of the vibrational frequencies. Some geometries were also optimized with the 6-31G* basis set. Two adducts HOSO and HS0 2 , with H bonded to 0 or S, respectively, were studied. Energies were estimated at the optimized geometries using spin-projected MP4/6-3 IG* calculations, which show that planar cis HOSO is more stable than C. HSO 2 . An H-OSO bond energy of 109 kJ mol I is predicted. By contrast HSO 2 is predicted to be 25 kJ mol -' endothermic with respect to H + SO 2 , and is insufficiently stable to be significant in combustion chemistry. Transition states were located and the information used to derive the kinetics of H + SO2 + Ar --HOSO + Ar from 298 to 2000 K. An unusually large energy barrier to recombination, of about 95 kJ mol -' relative to H + SO2, is proposed. The results are compared with available kinetic measurements. Other potential decomposition channels for HOSO, to SO + OH and isomerization to HSO 2 , were also analyzed.
INTRODUCTION nificant in contexts aside from combustion chemistry. It has
Addition of sulfur dioxide to flames reduces the concenbeen proposed as a reactive intermediate in the high-temtration of atomic hydrogen, a phenomenon which is attributperature reduction of SO 2 by H 2 , " and may also be relevant ed to catalysis of H-atom recombination via formation of an to the atmospheric chemistry of sulfur: Howard and coadduct between H and SO2, '-6 workers proposed S02 H as the product of the reaction of HSO with NO 2 at room temperature, and found it reacted H + S02( + M) -SO2*H( + M), 
The geometry of the SO 2 H adduct is uncertain. Two possible structures have the H atom bonded either to the S Provided reaction (1) maintains an equilibrium [S02 H], atom, represented here as HSO 2 , or bonded to an 0 atom, the overall loss of H atoms will be second order in [H] .
represented here as HOSO. The only experimental geometry Experimental data from S0 2 -seeded flames thus yields the information to date is from a study by McDowell et al., ' 3 product K, k 2 , where K, is the equilibrium constant for reacwho photolyzed a mixture of HI and SO 2 in a frozen Kr tion (I) and k 2 is the rate constant for reaction (2) 346 matrix. After repeated annealing, the electron spin resoKallend estimated that the SO 2 -H bond energy Do is at least nance (ESR) spectrum of a species identified as C. HS0 2 200 kJ mol -', and probably between 210 and 250 was obtained. This HS0 2 adduct has been the subject of two kJ mol -', based on observations of emission from Na (3 2 p) ab initio molecular orbital studies, by Hinchliffe " 4 and by believed to be excited by reaction (1) with M = Na. 2 Later Boyd et al. 5 The latter work yielded a H-SO 2 bond energy of workers employed Do = 264 kJ mol -l. 34 142 kJ mol - ' , a value which is presently recommended for A potential interference in combustion studies of the use in modeling atmospheric chemistry 6 although this bond elementary reaction (I) is the complex network of reactions energy is 60 to 120 kJ mol -I lower than those employed in which interconverts the many reactive intermediates present the combustion studies noted above. Boyd et al. also investiin a flame. One experiment designed to isolate reaction (I) gated the possible HOSO adduct and found it to be the more from other processes set an upper limit to k, of stable structure. < 1.5 X 10 -33 cm 6 molecule -2s -1 at room temperature. 7 The aim of the present work is to investigate the HS0 2 This upper limit, coupled with flame measurements, implies and HOSO adducts by means of ab initio computational an unusual positive activation energy for this recombination methods, in order to obtain information about the likely reaction of at least 12 kJ mol -'and the presence of a signifithermochemistry of reaction (I). For the first time vibracant barrier to adduct formation. 8 Preliminary isolated reactional frequencies are calculated, which should aid attempts tion studies carried out in this laboratory confirm the upper to identify matrix-isolated species by IR spectroscopy, and limit to k, of < 1.5 X 0 -33 cm 6 molecule -2 s -' at 298 K, electron correlation is taken into account. The first theoretiand extend this same limiting value up to 500 K. 9 These cal study of transition states in the H + SO 2 potential energy experiments 7 9 disagree with the results of Gordon et al. ,' 0 surface (PES) is carried out to permit a kinetic analysis of who estimated a room temperature rate constant of reaction (1) and possible isomerization between the two 6 X 0 -33 cm 6 molecule -2s -'. The SO2' H radical is sig-S02' H structures. 17 In some cases the geometry was also optimized with the larger 6-3 1G* basis set, 2 ' which includes d-type polarization functions on S and 0, to test for any dependence of bond angles and lengths on the size of the atomic basis set.
The geometries of the stationary points were then reoptimized while making a correction for electron correlation by means of Mbller-Plesset (MP) second-order perturbation theory for all electrons. Vibrational frequencies were also calculated at this MP2/3-2 I G(*) level. We verified the stability of the HF wave function at each stationary point. 22 Finally, we employed the 6-31G* basis set to calculate the energy at each MP2/3-2 I G ( *) geometry using MP4 theory (excluding core electrons). Spin-contamination effects on the energies were eliminated by Schlegel's projection method, 23 and the final results are denoted as PMP4/6 31G*//MP2/3-21G(*) energies.
III. RESULTS AND DISCUSSION
The ab initio geometries, vibrational frequencies, and energies are summarized in Tables I and II 'Enthalpy at 0 K relative to H + SO2' using PMP4/6-31G*//MP2/3-21G(*) energies combined with zero-point energies calculated at the MP2/3-21G(*) level.
batic ground-state PES which corresponds to the enthalpy surface at 0 K, i.e., the electronic energy plus zero-point vibrational energy (ZPE). Spin-conservation was assumed, i.e., all stationary points are doublet states. A channel leading to OH + SO has also been analyzed. 
A. SO 2 , OH, and SO
It is important to estimate the likely accuracy of these calculations, which we do by comparison with data for experimentally known species. There is reasonable accord between experimental and theoretical geometries for SO 2 . The calculated bond lengths bracket the experimental value of 1.432 A (1 AI 10-10 m): 24 The HF/3-21G(*) distances are about 0.01 A too small while the higher level MP2/3-21G(*) calculations overestimate r(SO) by about 0.05 A. Similarly, the calculated vibrational frequencies bracket the experimental values of 518, 1151, and 1362 cm -124 The scaled HF/3-21G(*) estimates are 7% too high whereas the (unscaled) MP2/3-21 G ( *) estimates are 7% too low. Based on these comparisons, we assign approximate error limits of + 0.05 A for calculated bond lengths and _ 10% for calculated vibrational frequencies.
The HF/3-2 1 G ( *) and MP2/3-2 1 G ( *) bond lengths for OH are 0.985 and 1.006 A, respectively, with frequencies of 3252 cm -' (after scaling by 0.9) and 3378 cm-'. Comparison with the experimental values 24 of re = 0.971 A and v, = 3569 cm - ' shows that the MP2 results overestimate re Our HF/3-2IG(*) calculations also located an asymmetrical C, HSO 2 structure, with all real frequencies, and a similar structure was found at the HF/6-3IG* level. A TS with a single complex frequency lies between the C, and C, structures. However, attempts to optimize the C, structure at the higher MP2 level led only to the symmetrical C, form, from which we conclude that the C, form does not correspond to a real adduct.
Our We may also compare the calculated and experimental thermochemistries for H + SO 2 -OH + SO. We employ PMP4/6-3 1G*//MP2/3-21G(*) data (with the exception of SO, for which PMP4/6-3lG*//HF/3-21G(*) data are chosen) combined with ab initio frequencies to derive the enthalpy change at 0 K, AH, = 108 kJ mol '. The experimental value is AH, = 123 kJ mol-`,24 which suggests we may crudely estimate the uncertainty in ab initio energies as at least ± 15 kJ mol-'. This energy uncertainty translates into an uncertainty in equilibrium or rate constants of a factor of about 3 at 2000 K, increasing to a factor of 400 at room temperature. Thus all ab initio equilibrium and rate constants must only be regarded as order of magnitude estimates.
B. HSO 2 adduct
The present HF/3-2 10G( *) Cs geometry for the SO2, H isomer with H bonded to S (see Fig. 1 and Table I ) is similar to that derived with a very small STO-3G(*) atomic basis set by Boyd et al.' 5 [9= 124.7', r(SO) = 1.476 A, r(SH) = 1.362 A, 0b= 105.1°]. We also optimized the geometry at the HF/6-3 1G* level: The results in Table I show there is negligible basis set dependence at the HF level. We note that the structure calculated at the HF level by Hinchliffe' 4 [9= 132', r(SO) = 1.458 A, r(SH) = 1.336 A,
;b = 1050] has an inconsistently large OSO angle 9. The data in Table I demonstrate that inclusion of electron correlation at the MP2 level has little influence on the geometry.
(3) at the PMP4/6-31G*//MP2/3-21G(*) level (including ZPE), is + 25 kJ mol -' at 0 K (see Table II ). This predicted endothermicity can be contrasted to the HF/STO-3G ( *) estimate of AHo = -142 kJ mol -'by Boyd et al. 5 A small basis set was employed, and neither ZPE nor electron correlation was included. We therefore believe our result is more reliable. We used our AHo combined with MP2/3-21G(*) structures and frequencies to calculate the equilibrium constant K, for reaction (3) 2 6 also involved irradiation of mixtures of SO 2 with HI or H 2 S, in a solid Ar matrix. However, these workers identified sulfinic acid (HSO 2 H) as the sole product on the basis of ir spectroscopy. Presumably, the radical species detected in the earlier matrix-isolation study are formed only in the annealing steps.
C. Transition state for HSO 2 -.H+S0 2
The dissociation of C, HS0 2 to H + SO 2 , reaction (-3), was initially investigated at the HF/3-21G( *) level. As the S-H distance is increased, the energy rises, but the HF PES is discontinuous and at r(SH) = 1.9 A, there is a switch to a lower energy C, geometry. A C, TS was located, but in the light of the observation of spurious C, HSO 2 (Sec. III B), and because this C, TS could not be confirmed at the MP2 level, we believe the TS may also be an artifact. MP2/3-21G( *) calculations located a possible C, TS with structure 0= 119. at the MP2/3-2IG(*) level, but changes in ZPE must a be considered. During dissociation, 39 kJ mol -' of ZPE lost, which means that the energy barrier in the vibration adiabatic PES may be small. Even if the barrier were as ml as 40 kJ mol -', a likely rate constant for room temperat high-pressure unimolecular dissociation, on the assumpt of a typical preexponential factor of 10'3 s -1 ,27 is about s -'. Concentrations of the HSO 2 radical above equilibri will therefore be very short lived in the gas phase.
D. HOSO adduct
We have found a single stable minimum at the HF 21 G( *) level where the H atom is bonded to an 0 atom; twisted out of the SO 2 plane (see Table I ). HF/6-3 1G* culations yield a similar structure and confirm the absenc basis-set dependence. This staggered configuration is sim to that described by Boyd et aL.' 5 The planar cis and tr HOSO conformers are both saddlepoints at the HF 21G(*) level, with energies (including ZPE) of 29 an kJ mol -' above the staggered form. Again, HF/6-31 calculations are in accord and also show these conform tions to be saddlepoints. By contrast, MP2/3-2 IG ( *) cal lations indicate that the cis structure is a stable minim' the trans structure remains a TS and there is no stagge stationary point. The cis form may be stabilized by intraoral lecular hydrogen bonding. The energy barrier, includ changes in ZPE, to rotation of OH about the S-O bond i kJ mol -at the PMP4/6-31G*//MP2/3-21G(*) 1I (see Table II ). The vibrational frequency of the mode of HOSO which corresponds to motion of the H atom out of S02 plane is low, about 100 cm ', which is another ind tion of easy internal rotation. This torsional frequency, c pled with the reduced moment of inertia for internal rotate of 1.46 X 10 -47 kg M 2 , corresponds to a rotational barrie 6 kJ mol -'if a sinusoidal potential is assumed.
2 8 These measures are consistent with a small rotational barrie around 10 kJ mol-'. We have therefore decided to reply the slightly hindered internal rotor with a free rotor for purposes of thermodynamic calculations, which should I good approximation at elevated temperatures.
Our best estimate (Table II) order of 1000i cm-'. For example, calculation of the I G * PMP4/6-3 1 G* energy at the HF rather than MP2 geometry .malowers the barrier by 36 kJ mol -'. We therefore checked the lcu-TS geometry at higher levels of theory to see whether the lum long or short O-H partial bond is supported. The HF/6-ered 31G* geometry has r(OH) = 1.664 A (Table I) Fig. 1 ). These results suggest Level that the MP2/3-21G(*) geometry is indeed reliable.
If cis
We have analyzed the kinetics of unimolecular dissociaf the tion by means of Rice-Ramsberger-Kassel-Marcus fica-(RRKM) theory, following the procedures described by couGilbert and co-workers. 2 9 3 0 The two rotations, of both ,tion HOSO and the TS, with the smallest moments of inertia were er of taken as inactive (whose energy is unavailable for crossing two the potential barrier) and in each case the third rotation was Br of taken to be active. The Lennard-Jones collision rate between lace HOSO and Ar bath gas was estimated by means of the Lenrthe nard-Jones parameters for Ar and SO,," to yield be a oj = 3.854 A and Eu = 177 K. A weak-collision "exponential down" model for energy transfer between excited ergy HOSO and Ar was assumed. 2 9 This leads to a calculated .rgy collision efficiency .6 of 0.48 at 298 K, decreasing to 0.036 at cal-2000 K. These values are in line with typical 63 values at room and flame temperatures. 32 We used the UNIMOL program 30 to calculate falloff curves for reaction ( -4) at 298 and 2000 K, and the results are drawn in Fig. 3 . The reaction will be in the third-order region under most flame conditions, but falloff behavior would, in principle, be evident at ield 298 K at pressures of the order of 100 Torr. As shown below, :m 3 . the reaction will, however, be too slow to measure at room )O K tions, but falloff behavior would, in principle, be evident at that 298 K at pressures of the order of 100 Torr. As shown below, :omthe reaction will, however, be too slow to measure at room temperature. vays
We have also calculated the low-pressure second-order secdissociation rate constant k -4 as a function of temperature. nent
The dissociation rate will be negligible for T< 700 K. Because the dissociation step involves motion of an H atom over a potential barrier the possibility of quantum mech cal tunneling exists. We have crudely estimated a tunne correction factor by fitting an Eckart potential 3 3 to the vi tionally adiabatic PES, as employed previously to ana the decomposition of HNNO, 3 4 to derive the tunneling rected rate constant plotted on This is consistent actor with the lack of reaction noted by Fair and Thrush who used lo 1.1 a fast-flow technique, 7 and the absence of reaction seen in in be our own laboratory where flash photolysis/resonance flu-JT) orescence experiments were performed. 9 Both studies employed Ar bath gas and suggest k 4 4 is about an order of magnitude greater than the ab initio result k 4 = 10 -33 cm 6 molecule -2 s -I at 2000 K. One reason for this discrepancy is that recombination rate constants are dependent on the bath gas. An example is the reaction 0 + SO 2 + M -. So3 + M, where the rate constant for M = SO 2 is about ten times greater than for M = Ar. 37 The presence of efficient quench-
5
ing species such as SO 2 and H 2 0 in flames may increase k 4 above the value calculated here for M = Ar. It is also possible that the ab initio barrier to reaction (4) may be signifiits for cantly overestimated, or that the interpretation of the flame
results, which rests partly on questionable H-OSO bond energies, may need to be revised. A second possible unimolecular channel for HOSO is isomerization to the HSO 2 structure, HOSO + Ar -HSO 2 + Ar.
As noted in Sec. III C, HSO 2 will, in turn, rapidly decompose to H + SO2, so reaction (5) is effectively an alternate pathway to H + S02 at flame temperatures. Comparison of structures obtained with the 3-21G(*) and 6-31G* basis sets show there is no significant basis set dependence at the HF level (Table I ). The MP2/3-21G(*) transition state parameters summarized in Table I together with the PMP4/6-31G*//MP2/3-21G(*) energy (Table II) were employed to analyze the kinetics for reaction (5) in the same way as outlined in Sec. III E. The energy barrier, relative to HOSO, is 230 kJ mol -'which is similar to that predicted for the isomerization of HSO to HOS. 38 The tunneling-corrected results are plotted on Fig. 4 . The predicted k 5 is 4.6X 10-9 exp( -23 100 K/T)cm 3 molecule-'s-' over the range 700 to 2000 K. For T> 1000 K, k 5 is about a third of k 4 , because of the greater barrier to isomerization. Thus k 5 is not large enough to change the order of magnitude estimates of the kinetics for H + SO, HOSO significantly.
G. Transition state for HOSO -. OH+SO
A preliminary search of the PES for the process HOSO + Ar-OH + SO + Ar (6) at the HF/3-21G(*) level found no evidence of an energy barrier beyond the reaction endothermicity. In order to analyze the kinetics of reaction (6) for T>700 K, we applied canonical variational transition state theory to locate an approximate TS. 2 9 We considered the OS-OH bond to correspond to the reaction coordinate r, and assumed free rotation about this bond for all values of r (see Sec. III D). A crude force constant for small displacements along the reaction coordinate was obtained by slightly varying r from the optimized value in HOSO at the MP2 level, and recalculating the MP2 energy while all other geometry parameters were held constant. A Morse potential was then fit as a function of r, with parameters De = 123 kJ mol -' and 6 = 3.05 A-'.
The O-H and S-O vibrational frequencies in the TS were taken to be equal to those for SO and OH (Sec. III A). Rotational constants for the rocking motions of the SO and OH fragments in the TS were estimated as 16.8 and 0.48 cm 1' .30 Trial and error was employed to find the value of r, about 3.5 A, which minimized the high-pressure unimolecular decomposition rate constant at each T. Calculations at T = 1400 K show that for P < 1000 Torr, k 6 is within 10% or less of the low-pressure limit, consistent with falloff curves for k _4 (Fig. 3) . The temperature dependence of k 6 is plotted on Fig. 4 , and can be summarized as k 6 = 2.3)X 10-8 exp( -23900 KIT) cm 3 molecule-' s-' for 7>700 K. From 1000 to 2000 K, k 6 varies from about 0.1 to 1 times k 4 , and this channel may need to be considered in combustion models.
The absence of any barrier to reaction (6) suggests that a possible pathway for the recombination reaction of OH with SO is via initial formation of HOSO. This recombination rate constant has been measured at room temperature to be about 9 X 10 -" cm 3 molecule -' s' ,39 which is close to gas kinetic and therefore consistent with the absence of a barrier. Products have yet to be determined experimentally; The assumed products of H + SO 2 might be formed directly or by fragmentation of excited HOSO as part of a chemical activation mechanism.
IV. CONCLUSIONS
Two adducts can be formed by recombination of H with SO 2 . HOSO is predicted to be the more stable, with an HOSO bond energy of 190 kJ mol -', whereas HSO 2 is endothermic by 25 kJ mol -' with respect to H + SO 2 . Vibrational frequencies of the adducts have been calculated, which should aid in their identification by infrared spectroscopy. Several conformers of HOSO were examined: Inclusion of electron correlation suggests that only planar cis HOSO is a stable species. Investigation of the transition state between HOSO and H + SO 2 suggests the presence of a large barrier, which is consistent with the lack of reaction noted experimentally at T< 500 K. The H + SO 2 + Ar recombination rate constant is estimated to be about 10--3 cm 6 molecule -2 s -' at 2000 K, about an order of magnitude smaller than estimated from combustion studies. These studies may need revision in the light of the new thermochemistry calculated here, or else the barrier to recombination may be smaller than predicted. Two other unimolecular channels for HOSO, isomerization to HSO 2 and decomposition to SO + OH, have also been characterized. The results suggest that a possible reaction mechanism for the reaction of OH with SO may be via an excited HOSO intermediate.
